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ABSTRACT 
The objective of the paper was to investigate influence of buckling test parameters on buckling strength and 
deformation of e-glass /epoxy sandwich structures using statistical model like Taguchi technique.   Three types 
of epoxy based corrugation i.e. sinusoidal, square and triangle of different core thickness and different strain 
rate were tested. This research work developed a multiple regression model for correlation between parameters 
and responses using L9 array.  Analysis of variance was used to measure weightage of process parameters.  
Analysis of the influences of the entire individual input impact parameters on the responses has been carried out 
and significant contribution of parameters is determined by analysis of variance.  
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I INTRODUCTION 
The polymer sandwich structures find many applications such as aerospace, marine, domestic and even sports 
industries [1]  due to their higher stability, high specific strength and easy to repair their structures.  But polymer 
sandwich structures is higher sensitive to buckling [2] due to their lack of poor bonding between reinforcement 
and polymers due to combination of two heterogeneous structures such as core and laminates face sheet.  The 
buckling behaviour of structure is affected by both materials hence the nature of damage under buckling loads 
should be investigated carefully for their reliability and safety [3]. Sandwich structures with polymer foam cores 
could be weak against buckling loads and are therefore subject to several global researches [4].  
Buckling loading in complete perforation of the sandwich strucrues are called column buckling, which is caused 
due to  loading speed which will  buckled complete sandwich strucures[5].  Many researchers[6] investigated 
the buckling limit of a variety of o-f sandwich strucrues[7] under five factors such as sandwich density [8], 
stacking sequence[9], laminate thickness [10], lend / thickness ratio [11] and type of materials.  Dear et al. [12] 
have studied the damage behaviour in honeycomb core sandwich strucrues from the onset of damage to 
catostropic failure. In same direction many are investigated to find damage behaviour of sandwich strucrues 
under low column buckling loading [13]. The all works focused only on polymer core (honey comb strucrues) 
but non of the work is focused on different shape and strucures of polymer core for buckling studies.   
International Journal of Science Technology & Management                                       www.ijstm.com  
Volume No.04, Special Issue No.01, February 2015       ISSN (Print) 2394-1529, (Online) 2394-1537 
501 | P a g e  
 
Moreover, the relation between input paramter and buckling behaivuor is  inadequately characterized and not 
very well understood. Therefore, this study investigated the use of the Taguchi method to optimize factors 
related to the buckling behavour of polymer sandwich strucurers. The factors considered were type of core 
(sinewave, square or tringular), thicness of the fiber reinfroced polymer (FRP) layer and loading rate; three 
conditions of each factor were considered.Taguchi's orthogonal arrays (OA)[14] are highly fractional orthogonal 
designs. The Taguchi method is a powerful tool for designing high-quality systems based on orthogonal arrays 
and analysis of variance (ANOVA) to minimize the number of experiments and to effectively improve product 
quality.  This technique can be used to achieve optimal or near-optimal parameters from the selected process 
parameters. The main objective of the present work was to study the main effects of process parameters on 
buckling studies using universal testing machine. 
 
II EXPERIMENTAL STUDIES 
The corrugated core sandwiches of various thicknesses (0.5mm, 0.75mm, 
1mm) and shape (sinusoidal, square, and triangular) were fabricated using 
epoxy and glass fiber by hand layup technique. The materials used for the 
preparation of composite laminates are Epoxy resin LY556 (10% amine based 
hardener), E-Glass Fiber- Plain woven - 0/90 = 200 gsm and Standard Epoxy 
Adhesive. Edgewise (buckling) compression test is carried out according to 
ASTM 364 – 99 standard in order to find the compressive properties of the 
sandwich structure in the direction parallel to the face sheet plane. This test 
provides a basis for judging the load carrying capacity. The sandwich column, 
no matter how short, usually is subject to a buckling type of failure unless the 
facings are so thick that they themselves are in the short column class. The 
failure of the facings manifests itself by wrinkling of the facing, in which the 
core deforms to the wavy shape of the facings; by dimpling of the facings into 
the core; or by bending of the sandwich, resulting in crimping near the ends as a result of shear failure of the 
core or failure in the facing-to-core bond. Specimens of three types of core geometry and thickness were tested. 
The dimensions of the specimens are 152.4 mm long, 52 mm width and 15.2 mm thickness; three specimens of 
each type were tested. The test is done using a UTM of 10 tone capacity manufactured by as shown in Fig. 1.  
Table 1 indicates 9 sets of coded conditions used for forming the design matrix. The method of designing such a 
matrix has been mentioned in [15]. For the convenience of recording and processing the experimental data, 
upper and lower levels of the factors were coded as +1 and -1, respectively, and the coded values of any 
intermediate levels was calculated [16]. The input parameters chosen for the experiments are (a) type of 
specimens; (b) FRP layer thickness and (c) strain rate in while the response function is maximum buckling load 
and minimum buckling deformation. In the present analysis, an L9 orthogonal array with three columns and 9 
rows is used. This array can handle three level process parameters. The experimental layout for the present work 
using the L9 orthogonal array is shown in Table 1. A statistical analysis of variance (ANOVA) is performed to 
Fig. 1: Edge wise compression 
test of a specimen using UTM 
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identify the process parameters that are statistically significant. Based on ANOVA the optimal combination of 
the parameters is predicted. 
Table 1:  Experimental layout using L9 array with responses 
Type of specimen Skin thickness, 
mm 
Strain rate, 
mm/min 
Buckling strength, 
N 
Buckling deformation, 
mm 
1 0.5 1 614 12.49 
1 0.75 2 8075 5.78 
1 1 3 10825 4.89 
2 0.5 2 2168 7.24 
2 0.75 3 4100 5.00 
2 1 1 5847 5.13 
3 0.5 3 906 7.79 
3 0.75 1 1283 5.99 
3 1 2 5855 3.65 
 
III RESULTS AND DISCUSSION  
The measured buckling results for all the 9 samples as per typical design matrix are presented in Table 1.  To 
establish the correlation between the buckling parameters such as type of structure, layer thickness and strain 
rate and responses such as buckling strength and buckling deformation MINITAB multiple linear regression 
model is used.  The regression coefficients of the models are 0.86 and 0.91(R2) respectively.  
Buckling strength = -3884.06 - 1911.56  Structure + 12559.5 thickness + 1347.88  strain rate 
Max Def= 17.2517 - 0.955 Structure - 9.23333 thickness - 0.988333 strain  rate.  
Figure 2 indicates scatter plots for a) maximum buckling load, b) maximum buckling deformation of the 
different sandwich structures and reveals that the actual and predicted values are close to each other within the 
specified limits. 
  
Fig. 2(a):  Multi-regression analysis for residual, 
fitted value, residual and observation order for 
bucking strength of sandwich structures. 
Fig. 2(b) :  Multi-regression analysis for residual, 
fitted value, residual and observation order for 
bucking deformation of sandwich structures 
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3.1 Effect of parameters on buckling responses  
The above developed statistical model can be employed to predict buckling response and their relationship for 
the range of parameters used in the investigation by substituting their respective values in the coded form. Based 
on these models, effects of the process parameters on the buckling responses were computed and plotted, as 
depicted in Fig. 3 & 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1.1 Main effects on buckling strength 
Fig. 3(a) shows mean buckling strength as a function of all three parameters. It is seen that for specified 
conditions, the type of specimen (1) have significant effects that means the sinusoidal specimen shows 
maximum strength compare to square and triangle. Buckling load response appears to be sensitive to the skin 
thickness. The buckling strength increases with increase in thickness of the FRP layer almost exponentially.  
FRP thickness shows maximum buckling deformation strength. Other parameters such as strain rate and type of 
a) 
b) 
Fig. 3: a) Main and  b) S/N ratio parameters of type of specimen, FRP skin 
thickness and strain rate on buckling strength. 
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specimen influenced little on buckling behaviour. Fig. 3(b) shows S/N ratio graphically on the based on larger 
the better from three repetitive experiments. As per S/N ratio the optimum parameters to obtain buckling 
strength are Sine core structure, 1 mm thick skin and 2 mm / min strain rate.  This combination gives maximum 
strength of the structures. 
 
a) 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1.2 Main effects on buckling deflection 
Fig. 4(a) shows mean buckling deformation as a function of all three parameters. The buckling deformation 
resistance is maximum in square and triangular corrugated sandwich structure. The FRP thickness shows 
maximum buckling deformation resistance. Other parameters such as strain rate and type of specimen 
influenced little on buckling behaviour.Fig. 4(b) shows S/N ratio graphically on the based on smaller the better 
from three repetitive experiments. As per S/N ratio the optimum parameters to obtain buckling strength are 
Fig. 4. a) Main and b) S/N ratio parameters of type of specimen, FRP skin thickness and strain 
rate on bulking behaviour. 
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triangular core structure, 1 mm thick skin and 2 mm / min strain rate.  The triangular section are highly rigid 
member and act as a brittle structure.  This combination gives minimum deflection of the structures.    
 
3.2. Interaction effect  
3.2.1 Effect of parameters on buckling strength 
Fig. 5 shows the combined effect of a) type of specimen vs. skin thickness b) type of specimen vs. strain rate 
and c) skin thickness vs. strain rate.  It is clear from the Fig. 5(a) that the buckling strength increases with 
increasing skin thickness and sinusoidal has higher buckling strength than other square and triangle specimens.  
The skin thickness m influences more on buckling strength (it encloses more number of load regions along its 
axis).  Similar observation can be seen for type of specimen vs. strain rate shown in Fig. 5(b). Buckling strength 
is improved after strain rate varies from 1 to 1.5 mm/min. Fig. 5(c) clearly shows the higher density colour 
shown at topmost right coroner that shows the influence of skin thickness and strain rate are most influencing 
parameters on buckling strength. Left bottom most corner lower density colour shows minimum buckling load 
on the specimen.  
  
Fig. 5: Contour plot for buckling strength of a) Fig. 6: Contour plot for buckling strength of a) 
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Type of specimen v/s Skin thickness b) Specimen 
type v/s Strain rate and c) Skin thickness v/s Strain 
rate. 
Type of specimen v/s Skin thickness b) Specimen 
type v/s Strain rate and c)  Skin thickness v/s 
Strain rate. 
 
3.2.3 Effect of parameters on deflection  
 Fig. 6 shows the combined effect of a) type of specimen vs. skin thickness b) type of specimen vs. strain rate 
and c) skin thickness height vs. strain rate. Fig. 6 (a) shows effect of type of specimen v/s skin thickness on 
deflection. The both type of specimen and skin thickness show great influence on the deflection. Higher the skin 
thickness the lower the deflection and triangular specimen shows lower deflection and Sinusoidal specimen 
shows higher deflection. Fig. 6(b) shows type of specimen and strain rate influence on deflection of sandwich 
structures. It is similar to previous graph but it is symmetric about diagonal axis. The strain rate inversely 
influences on deflection and triangular type corrugation shows least deflection and sinusoidal type corrugation 
shows maximum deflection.    Fig. 6(c) shows skin thickness and strain rate are inversely proportional to 
buckling deformation.  Sinusoidal specimen at strain rate between 1.5 to 2.5 mm/mm produces low bulking 
deformation.   
ANOVA is used to judge whether or not the experimentally found significant factors are statistically significant. 
The significance can also be judged by calculating F- or P-values. Furthermore, the calculated F-values are 
compared with the theoretical extreme values for the F distribution. In ANOVA, the meaning of 5% significance 
level means one in twenty and 1% means one in hundred. This indicates that the parameters falling in 1% 
significance level is most dominant factor and 5% significance level is the next dominant factor. The factors that 
are not falling either 1% or 5% are not significant factors. From ANOVA of maximum buckling strength as 
shown in Table 2, it can be seen that the most dominating factor among the main factors is FRP layer thickness, 
since it has got higher value of F statistics. The next dominating parameter is the type of specimen and the least 
effecting factor is strain rate.  
Table 2. Analysis of Variance for Buckling load, using Adjusted SS for Tests (buckling strength) 
Source DF Seq SS Adj SS Adj MS F P 
Strucure 02 22539252 22539252 11269626 6.31 0.137 
Thickness 02 59180582 59180582 29590291 16.56 0.057 
Strain rate 02 15029743 15029743 7514871 4.20 0.192 
Error 02 3574284 3574284 1787142   
Total 08 100323861     
 
From the ANOVA results for buckling deformation absorbing of the sandwich structure given in the Table 3 it 
can be seen that the most dominating factors among the main factors is the thickness of the skin, next influence 
factor is strain rate and the least affecting factor is the structure of the specimen. 
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Table 3. Analysis of Variance for Buckling stress, using Adjusted SS for Tests (buckling deformation) 
Source DF Seq SS Adj SS Adj MS F P 
Strucure 02 7.3734 7.3734 3.6867 4.31 0.188 
Thickness 02 35.2217 35.2217 17.6108 20.57 0.046 
Strain rate 02 9.3721 9.3721 4.6860 5.47 0.154 
Error 02 1.7123 1.7123 0.8561   
Total 08 53.6794     
 
IV CONCLUSION  
The buckling of sandwich structures are investigated by subjecting to axially compressive loading along the 
axis. The buckling behaviour of polymer sandwich structure is significantly improved by the presence of a 
corrugated sandwich core due to increase its toughness.  However, sandwich structures exhibit different strength 
depending on the types of core geometry used.  The optimal parameters combination happens to be type of 
structure of F value 6.31, FRP layer thickness 16.56 and strain rate 4.2, F values indicates FRP layer thickness 
contributed much higher than that of other parameters.  Control factor combination is sinusoidal shaped core,    
1 mm thickness of the FRP layer and 2 mm/min strain rate.  The sandwich strength increases with increase in 
thickness of the FRP but the weight also increased.  The residual errors associated with the ANOVA are 
observed to be lower for the factors and the coefficient of regression obtained with the multiple regression 
values show that the satisfactory correlation is obtained (R
2
) . 
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